1. Introduction {#sec1}
===============

As a new type of green energy with low CO~2~ emission, shale gas has become the dominant natural gas resource in the United States of America.^[@ref1]^ In China, however, the exploration of shale gas is still in the early stage. With the rapid development of domestic economy in China, the demand for energy is increasing dramatically. Therefore, mass production of new clean energy is urgently needed in the country. A world-wide assessment of shale formations predicted that the technically recoverable shale gas resources in China are twice of the volume in U.S., but the exploration and commercial production of shale gas in China are still in the early stage compared to that of USA.^[@ref2]^

In China, some localities including Sichuan, Bohai Gulf, Songliao, Ordos, Tuha, Jianghan, Tarim, and Junggar basins are well known for their potential of shale gas exploration.^[@ref3],[@ref4]^ The reported prospective shale gas reservoirs mainly include Cambrian and Upper Ordovician--Lower Silurian sediments in the Upper Yangtze area,^[@ref5]^ Carboniferous--Permian sediments in northern China,^[@ref6]−[@ref9]^ Triassic sediments in the Ordos Basin,^[@ref10]^ and Jurassic sediments in northwestern China.^[@ref11]^ Among them, the Upper Yangtze Basin, where developed a wealth of marine organic-rich sediments during the Late Ordovician--Early Silurian, has great gas potential.^[@ref3],[@ref4]^

In the Upper Yangtze Basin, the well-known successful drilling operations penetrating the marine mudstone of Wufeng--Longmaxi formations are distributed in Changning,^[@ref12]^ Zhaotong,^[@ref13]^ Weiyuan,^[@ref14]^ and Jiaoshiba.^[@ref15],[@ref16]^ The recent drilling in Zheng'an County also demonstrated that the sediments of Wufeng--Longmaxi formations are the promising shale gas reservoir.^[@ref17]^ Although a large amount of research studying the sedimentary evolution and petrological and geochemical characteristics of Wufeng--Longmaxi formations has been conducted in different localities of the Upper Yangtze Basin,^[@ref13],[@ref18]−[@ref23]^ a comprehensive evaluation of shale gas potential throughout the whole basin is still lacking.

In the present study, a detailed shale gas investigation including field work in the outcrops, well drilling, and petrological and geochemical laboratory test was carried out, targeting the major hydrocarbon source dated from the Late Ordovician to the Early Silurian. Detailed vertical and lateral distributional pattern of organic-rich mudstone/shale of Wufeng--Longmaxi formations and results of relevant geochemical tests are presented. Because hydrocarbon generation and storage are two of the key factors controlling the shale gas enrichment,^[@ref24]^ a comprehensive evaluation on the shale gas generation and storage aspects in the region is also presented.

2. Geological Background {#sec2}
========================

The study area is located in the central part of the Upper Yangtze Basin, South China. It mainly includes southern Chongqing, southeastern Sichuan, and northern Guizhou provinces ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The targeted shale succession that was deposited during the Late Ordovician to Early Silurian interval consists of three lithostratigraphic units: the Upper Ordovician Wufeng Formation (Fm.), Guanyinqiao Fm., and the Lower Silurian Longmaxi Fm. ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The thickness of Wufeng Fm. ranges from several meters to 15 m in maximum while that of Longmaxi Fm. is several meters to more than 100 m thick. Guanyinqiao Fm. is several centimeters to tens of centimeters thick. The detailed lithological description can be found below in [Section [3.1](#sec3.1){ref-type="other"}](#sec3.1){ref-type="other"}.

![Geological map of the studied area showing distribution of collected samples.](ao9b03000_0001){#fig1}

###### Stratigraphic Division of the Upper Ordovician--Lower Silurian Strata in the Upper Yangtze Region[a](#t1fn1){ref-type="table-fn"}

![](ao9b03000_0013){#gr13}

GYQ: Guanyinqiao Formation; WLP: Wulipo Formation; WF: Wufeng Formation; LMX: Longmaxi Formation.

3. Results {#sec3}
==========

3.1. Petrological Characteristics {#sec3.1}
---------------------------------

During the Late Ordovician to Early Silurian interval, the paleo-uplifts were surrounded by tidal flats and lagoons where gray to dark gray mudstone and shale interbedded with silty mudstone were deposited while in the restricted shallow water shelf, gray to dark gray carbonaceous mudstone/shale were deposited. Graptolites are abundant in the Wufeng Fm. and the lower part of the Longmaxi Fm.^[@ref25]^

The Upper Ordovician Wufeng Fm. is mainly composed of organic-rich silty mudstone ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c), indicating a deep water shelf environment. Occasionally tuff layers are present ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The Upper Ordovician Guanyinqiao Fm. is composed of marl/bioclastic marl ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d and [3](#fig3){ref-type="fig"}) and rare dolomite ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e,f) deposited in a tidal flat environment. The Guanyinqiao Fm. is characterized by the preservation of Hirnantian fauna.^[@ref26]^ It crops out in most parts of the central Sichuan and northern Hubei provinces. The Lower Silurian Longmaxi Fm. is widely distributed in the study area. It can be divided into two parts including black to dark gray carbonaceous mudstone ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}g--l) deposited in a deep water shelf environment and gray or gray-green calcareous mudstone interbedded with limestone/limestone and silty mudstone or calcareous siltstone formed in a shallow water shelf environment ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The lower part can be further divided into two parts, the black silty carbonaceous mudstone/shale at the bottom and the dark gray calcareous mudstone/mudstone with calcareous concretions at the upper part ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

![Photographs of outcrops and thin sections showing the macro and microfeatures of rocks from Wufeng--Longmaxi formations. (a) Macrofeatures of Wufeng Fm., Zheng'an, Guizhou; (b) core of Wufeng Fm. with some slip features, Well Daoye 1; (c) calcium and quartz-containing carbonaceous illite mudstone, Daozhen, Guizhou; (d) fossil-bearing marls of Guanyinqiao Fm. with weathering features, Zheng'an, Guizhou; (e) outcrop of Guanyinqiao with weathering features, Daozhen, Guizhou; (f) fine-powder crystalline dolomite, Daozhen, Guizhou; (g) organic-rich mudstone of Longmaxi Fm. with block structure, Zheng'an, Guizhou; (h) silty and carbonaceous mudstone of Longmaxi Fm. with weathering features, Daozhen, Guizhou; (i) calcite and quartz-containing carbonaceous illite mudstone with calcareous and siliceous filling crack, Longmaxi Fm., Daozhen, Guizhou; (j) calcite and quartz-containing carbonaceous illite mudstone with siliceous filling crack, Longmaxi Fm., Daozhen, Guizhou; (k) calcite-containing quartz and carbonaceous illite mudstone, Longmaxi Fm., Daozhen, Guizhou; (l) carbon-containing quartz illite mudstone, Longmaxi Fm., Daozhen, Guizhou. All photographs of thin sections were taken under the following conditions: objective lens 10×, ocular 10×.](ao9b03000_0005){#fig2}

![Core of Well Daoye 1 showing lithology and sedimentary characteristics of Wufeng--Longmaxi formations. Note: WF is the abbreviation of Wufeng Fm., GYQ. is Guanyinqiao Fm., LX. is Linxiang Fm., BT. is Baota Fm., and SHN is Shiniulan Fm.](ao9b03000_0006){#fig3}

Taking Well Daoye 1 as one example, Wufeng Fm. is composed of black silty carbonaceous mudstone with an occasional presence of tuff layers ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The organic-rich mudstone interval of lower member of Longmaxi Fm. includes two types of rocks: silty carbonaceous illite mudstone and calcareous silty illite mudstone. The mineralogical composition is dominated by clay and detrital minerals. The authigenic brittle minerals are generally rare. The content of detrital minerals decreases upward. Detrital minerals are dominated by quartz. Feldspars are secondary content.

Mineral composition of 157 samples was determined using X-ray diffraction analysis. The mineralogical composition of the Upper Ordovician--Lower Silurian (Wufeng--Longmaxi formations) organic-rich mudstones/shales in the Upper Yangtze area is shown in the ternary plots ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). They show some similar features with the Cambrian Niutitang shales of the same region.^[@ref27]^ Both of these mudstones/shales contain relatively high contents of quartz and very low carbonates. However, exceptions with very high proportions of carbonate were found in two samples of Wufeng--Longmaxi formations from Jianba and Zheng'an ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03000/suppl_file/ao9b03000_si_001.pdf)). The percentage of quartz group varies from 18 to 85% with an average of 59%. Ninety-six percent of measured samples have a percentage of quartz group more than the lowest limit of 35%. The percentage of clay minerals varies from 7 to 56% with an average of 31%. The high brittle mineral proportion of these mudstones/shales, including the quartz group and the carbonate group minerals, indicates that the physical condition of gas reservoir for fracture development is favorable.

![Mineral composition of the Upper Ordovician--Lower Silurian organic-rich mudstones/shales in the Upper Yangtze area.](ao9b03000_0007){#fig4}

3.2. TOC and Kerogen Types {#sec3.2}
--------------------------

The evaluation standard of total organic carbon (TOC) for shale gas reservoir has been proposed as \>2.0%.^[@ref1],[@ref4]^ In the Upper Yangtze Platform, TOC values of Upper Ordovician--Lower Silurian shales collected from 156 samples of 14 localities range from 0.21 to 9.30%. The average value in each locality varies from 1.20 to 5.12% ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Among these localities, Nanchuan, Zheng'an, Zhonghe, Dayou, Yangxing, and Well Daoye 1 have relatively higher average values of TOC, which are larger than 3%. It should be noted that the Longmaxi Fm. in Banqiao County is entirely eroded, thus extremely high averaged TOC values are only present in the Upper Ordovician Wufeng Fm. Identification result of kerogen macerals from Sichuan Coal Geological Engineering Design & Research Institute ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03000/suppl_file/ao9b03000_si_001.pdf)) shows that the sapropelinite is the major component of kerogen. Vitrinite-like organic matters and inertinite are rare. As type index values of these samples are greater than 80, kerogen types of Upper Ordovician and Lower Silurian samples are classified as type I ([Tables [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} and [S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03000/suppl_file/ao9b03000_si_001.pdf); see ref ([@ref28]) for explanation of TAI), similar with previous studies.^[@ref29]^ These are potential gas prone-type kerogen if maturity is high. The control test performed in the Weatherford Laboratories ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}) shows that the amorphous organic matter (amorphinite) is the dominant organic matter type. It occurs as the granular nonfluorescent material. There are also common anisotropic particles that look like vitrinite (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Inertinite particles are more common than the vitrinite-like material. Pyrobitumen is rare. Under transmitted light, structureless organic matter is dark brown to gray, indicating TAI 3.3 ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03000/suppl_file/ao9b03000_si_001.pdf)). Pollen and spores have not been found. These also indicate that the kerogen is the gas prone type.

![Visual kerogen analysis with mineral matter free basis from Weatherford Laboratories. (a,b) Vitrinite-like material and amorphous organic matter in a sample of Well Daoye 1 under reflected light and transmitted light; (c,d) a sample from Well Xiye 1 under reflected light and transmitted light.](ao9b03000_0008){#fig5}

###### TOC Values of Mudstones/Shales of Wufeng--Longmaxi Formations

  area                                      Leco TOC values (%)   average value (%)
  ----------------------------------------- --------------------- -------------------
  Bayu                                      0.22--7.02            2.36
  Nanchuan                                  0.31--7.11            3.63
  Zheng'an                                  0.77--6.51            3.76
  Tuping                                    0.21--5.64            2.10
  Zhongshu                                  2.57--2.80            2.69
  Banqiao[a](#t2fn1){ref-type="table-fn"}   2.45--9.30            5.12
  Zhonghe                                   2.16--4.34            3.31
  Dayou                                     3.35--7.11            4.86
  Xiaoya                                    0.82--5.97            1.65
  Sanjiang                                  0.94--6.35            2.54
  Yangxing                                  1.96--4.72            3.49
  Jianba                                    0.47--6.04            2.61
  Lejian                                    0.56--1.85            1.20
  Well Daoye 1                              0.92--4.87            3.20

Only samples from the Wufeng Fm. are available.

###### Identification of Kerogen Macerals in Mudstone/Shales of Wufeng--Longmaxi Fms.

                   relative abundance of organic microscopic components (%)                    
  ----------- ---- ---------------------------------------------------------- --- --- --- ---- ---
  DY1 2       no   96                                                         0   4   0   93   I
  DY1 3       no   98                                                         0   2   0   97   I
  DY1 4       no   97                                                         0   1   2   94   I
  DY1 5       no   98                                                         0   2   0   97   I
  DY1 6       no   99                                                         0   1   0   98   I
  DY1 7       no   98                                                         0   2   0   97   I
  DY1 8       no   97                                                         0   2   1   95   I
  DY1 9       no   98                                                         0   1   1   96   I
  DY1 10      no   96                                                         0   3   1   93   I
  DY1 11      no   97                                                         0   1   2   94   I
  DY1 12      no   94                                                         0   2   4   89   I
  DY1 13      no   95                                                         0   3   2   91   I
  DY1 14      no   99                                                         0   0   1   98   I
  DY1 15      no   96                                                         0   0   4   92   I
  Xiaoya 1    no   98                                                         0   1   1   96   I
  Xiaoya 2    no   96                                                         0   3   1   93   I
  Zhen'An 1   no   97                                                         0   1   2   94   I
  Zhen'An 2   no   94                                                         0   2   4   89   I
  Jianba 1    no   95                                                         0   3   2   91   I
  Jianba 2    no   99                                                         0   0   1   98   I
  Jianba 3    no   96                                                         0   0   4   92   I

3.3. Thermal Maturity {#sec3.3}
---------------------

Values of vitrinite reflectance (*R*~o~) are indicators of thermal maturation of organic matter.^[@ref30]^*R*~o~ values have been obtained from 130 samples of Wufeng--Longmaxi formations, varying from 1.47 to 3.12% ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). The average values from most localities are in a very narrow range, from 1.92 to 2.36%, except those from the sections of Zhongshu, Wuchuan, and Yanhe. These three localities have higher values ranging from 2.48 to 2.86%. As a comparison, two samples from Well Daoye 1 and Well Xiye 1 were measured in the Weatherford Laboratory ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03000/suppl_file/ao9b03000_si_001.pdf)). Based on 24 measurements of particles identified as the vitrinite-like material in the sample Daoye 1--24, the average *R*~o~ is 2.50% ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03000/suppl_file/ao9b03000_si_001.pdf)), similar to the value of 2.36% obtained in domestic laboratories ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). The reflectance of graptolites of this sample is above 3% ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03000/suppl_file/ao9b03000_si_001.pdf)). In the absence of vitrinite-like material, reflectance of pyrobitumen was measured. Based on 25 measurements of a sample from Well Xiye 1, the average *R*~o~ of pyroitumen is 2.04% ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03000/suppl_file/ao9b03000_si_001.pdf)). According to Schoenherr et al.'s equation,^[@ref31]^ the vitrinite reflectance is 2.18% ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03000/suppl_file/ao9b03000_si_001.pdf)). Under transmitted light, the structureless organic matter is dark brown to gray, indicating TAI 3.3 in both samples ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03000/suppl_file/ao9b03000_si_001.pdf) and [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Vitrinite reflectance and TAI values indicate that the organic matter in wells Daoye 1 and Xiye 1 is postmature and within the dry gas zone.

###### Thermal Maturity of the Organic Matter from Wufeng--Longmaxi Formations in the Upper Yangtze Basin

  sample location   *R*~o~ value range (%)   average *R*~o~ value (%)   *T*~max~ (°C) range   average *T*~max~ value (°C)
  ----------------- ------------------------ -------------------------- --------------------- -----------------------------
  Bayu              1.47--2.88               2.18                       501--573              551
  Nanchuan          1.84--2.01               1.92                       504--578              547
  Zheng'an          1.92--2.17               2.06                       542                   542
  Tuping            2.06--2.46               2.30                       523--575              549
  Zhongshu          2.824                    2.82                       N/A                   N/A
  Banqiao           1.9501                   1.95                       N/A                   N/A
  Zhonghe           1.906                    1.91                       N/A                   N/A
  Wuchuan           2.33--2.65               2.48                       N/A                   N/A
  Yanhe             2.39--2.88               2.63                       N/A                   N/A
  Xiaoya            2.02--2.15               2.08                       531--543              539
  Sanjiang          1.92--2.04               1.95                       501--543              535
  Yangxing          1.91--1.95               1.93                       510--543              527
  Jianba            1.93--2.19               2.08                       542--543              543
  Lejian            2.07--2.20               2.12                       512--531              521
  Well Daoye 1      1.79--3.12               2.36                       N/A                   N/A

In general, samples from different locations measured in this study have similar maturity. These high values indicate that the organic matter in mudstones/shales deposited during the Late Ordovician--Early Silurian is over-matured, and their thermal maturity has been in the dry-gas window. This result is consistent with that of the pyrolysis experiment. The average *T*~max~ of these samples varies from 521 to 549 °C, showing a high maturity ([Tables [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}, [S3, and S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03000/suppl_file/ao9b03000_si_001.pdf)).

3.4. Porosity and Permeability {#sec3.4}
------------------------------

Based on observations by optical microscopy and scanning electron microscopy (SEM) as well as the mercury penetration experiment, basic reservoir physical characteristics have been evaluated ([Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}). Both micrometer- to nanometer-scale pores/fractures are widely developed in Wufeng--Longmaxi shales. The pore/fracture types are diversified in these shales, including interparticle pores (primary micropores between particles, intergranular micropores, and illite interlayer micro fractures; see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and ref ([@ref17]) for more details) and intraparticle pores caused by erosion, hydrocarbon generation, and diagenesis.

![SEM images of samples from Wufeng--Longmaxi formations in the Upper Yangtze Basin. (a) Organopores, Longxing section; (b) microscale fractures between particles filled with organic matters, Luolong section; (c) microscale fractures between particles, Well Daoye 1; (d) microscale fractures between particles filled with organic matters, Well Daoye1.](ao9b03000_0009){#fig6}

In the western part of the study area (southeastern Sichuan), both porosity and permeability are generally high. Porosity ranges from 3.6 to 9.2%. Permeability varies from 0.015 to 1.99 md. In this region, microscale fractures and pores are better developed than macroscale fractures and pores. Pore throat radius mainly varies between 19 and 28 nm. In the central part of the studied region (northern Guizhou), porosity ranges from 1.5 to 6.0%, relatively lower than those of southeastern Sichuan. Pore throat radius varies from 15 to 50 nm. In the north of the study area (southeastern Chongqing), porosity ranges from 0.77 to 4.70%, and permeability ranges from 0.0026 to 0.0328 md. Pore throat radius changes between 10 and 20 nm. Both porosity and permeability are the lowest in the study area. Overall, the average porosity ranges from 2.8 to 4.4%, larger than 2.0%, showing a relatively good physical condition as a shale gas reservoir in the studied region ([Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}).

###### Reservoir Properties of Wufeng--Longmaxi Formations in the Upper Yangtze Basin

  studied sub-area         pore throat radius (nm)   porosity (%)   permeability (md)
  ------------------------ ------------------------- -------------- -------------------
  Southern Sichuan         19--28                    3.6--9.2       0.015--1.99
  Southeastern Chongqing   10--20                    0.77--4.7      0.0026--0.0328
  Northern Guizhou         15--50                    1.5--6.0        

4. Discussion {#sec4}
=============

4.1. Distributional Pattern of Black Organic-Rich Mudstones/Shales {#sec4.1}
------------------------------------------------------------------

Organic-rich black mudstones/shales of Wufeng--Longmaxi formations are mainly present in the upper part of the Wufeng Fm. and the lower part of the Longmaxi Fm. Horizontally, the dark mudstones/shales are mainly distributed in the Upper Yangtze Basin. As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, the regions with high TOC values are mainly located in the depocenters during the Upper Ordovician--Lower Silurian interval. One of these regions is around Luzhou, and the other two regions are around Wulong. The thickness of organic-rich shales (TOC \> 2.0%) varies from 138.5 to 5.1 m and gradually decreases northward and southward from the depocenter ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). From the north to the south, the thickness is about 132 m in Luzhou, 92 m in Jiangkou, 40 m in Guanyinqiao, 42 m in Houtan, and 9.5 m in Banqiao. From the west to the east, the thickness is 141 m in Shuanghe, 70 m in Wenshui, and 14 m in Dongkala ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). In the southern part of the study area where organic-rich mudstones/shales are thinner than 20 m, there is another depocenter around Jianba where the thickness of the organic-rich mudstones/shales exceeds 30 m.

![Distributional pattern of TOC values of organic-rich black mudstones/shales of Wufeng--Longmaxi formations in the Upper Yangtze Basin.](ao9b03000_0010){#fig7}

![Distributional pattern of organic-rich mudstones/shales thickness of Wufeng--Longmaxi formations in the Upper Yangtze Basin.](ao9b03000_0011){#fig8}

![Stratigraphic correlation in different localities of the Upper Yangtze Basin.](ao9b03000_0012){#fig9}

4.2. Thermal Maturity of Organic Matters {#sec4.2}
----------------------------------------

The thermal maturity degree of the black mudstone/shale of Wufeng--Longmaxi formations in the study area is generally high. For example, in the black mudstone/shale section of the Longmaxi Fm. in Well Dingshan 1, *R*~o~ values slightly change between 2.14 and 1.86% through the profile. *R*~o~ values of other sections in the studied area are also high, generally higher than 2.0%. As shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}, mudstones/shales in Wanxian-Daxian-Shizhu and Xishui-Luzhou are highly matured with *R*~o~ values larger than 3.0%. *R*~o~ values in some area could reach 3.8%. This implies that the organic matter in this formation has been in the dry-gas phase. This is consistent with the result of the crystallization degree measurement of illite in the southeastern Sichuan Basin. Because authigenic illite is one of the important products of diagenetic change of sedimentary rocks, its crystallization degree is related with diagenesis and metamorphism.^[@ref32],[@ref33]^ The illite crystallite has become one of effective thermometers. The crystallization degree of illite in Shiniulan Fm., the overlying formation of Longmaxi Fm. in Well Dingshan 1, has been reported as 0.39°(Δ2θ), and that of Well Daoye 1 is 0.44°(Δ2θ).^[@ref34]^ Both of these results indicate that the limestone in Shiniulan Fm. in the southeastern Sichuan Basin and mudstone/shale in Longmaxi Fm. in northern Guizhou have been developed to form epimetamorphic rocks.^[@ref32],[@ref33]^ Overall, *R*~o~ values of Wufeng--Longmaxi formations in the study area vary in a relatively narrow range, indicating that the strata in this area have undergone a similar burial diagenetic process.

![Distributional pattern of organic matter thermal maturity in the Upper Yangtze Basin.](ao9b03000_0002){#fig10}

4.3. Burial Depth of Mudstones/Shales of Wufeng--Longmaxi Formations {#sec4.3}
--------------------------------------------------------------------

Because many tectonic movements such as Caledonian, Hercynian, Indosinian, Yanshanian, and Himalayan orogenies occurred after the Silurian, Wufeng--Longmaxi formations in most of the southeastern part of the studied region have been exposed and eroded.^[@ref35]^ However, the target formation in most of the southeastern Sichuan Basin and southern Chongqing and part of western Hubei is \<4000 m, mostly \<3000 m. As drillings targeting at mudstones/shales with burial depth larger than 5000 m would significantly increase the financial cost, mudstones/shales with depth shallower than 3000 m are usually taken as favorable for shale gas exploration.^[@ref36]^ However, more and more successful drillings in Utica, United States of America, and in Jiaoshiba, the famous shale gas reservoir in South China, have exceeded 3000 m and reach 4500 m.^[@ref24],[@ref37]^ Therefore, we chose burial depth of \<4000 m as the criteria for evaluating the shale gas favorable zone in this study. The blue area shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} indicates the area with burial depth \<4000 m, which is the potential region for shale gas exploration.

![Burial depth of Wufeng--Longmaxi formations in the Upper Yangtze Basin.](ao9b03000_0003){#fig11}

4.4. Comprehensive Evaluation and Prediction of the Favorable Zone for Shale Gas Exploration {#sec4.4}
--------------------------------------------------------------------------------------------

In order to comprehensively evaluate shale gas resources and reservoir of Wufeng--Longmaxi formations, we have compiled TOC and *R*~o~ distributional patterns, effective thickness of organic-rich mudstones/shales, and burial depth as shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}. The general criteria,^[@ref27]^ that is, TOC \>2%, the effective thickness of black shale \>30 m, and the maturity between 2 and 3.5% are used in this study. The shale burial depth of \<4000 m is adopted instead of 1000--3000 m, as mentioned in [Section [4.3](#sec4.3){ref-type="other"}](#sec4.3){ref-type="other"}. Shales in the studied area generally have a high brittle mineral proportion and acceptable porosity and permeability, representing a favorable physical condition for future exploration of shale gas. Thus, three favorable zones (I--III) for further shale gas exploration have been selected. Area I located at the western part of the study area, including a large area from Luzhou to Xishui, is about 23,210 km^2^. Area II located at the west of Chongqing is about 6700 km^2^. Area III located at Wulong-Shizhu is about 8775 km^2^.

![Comprehensive evaluation of Wufeng--Longmaxi formations of shale gas resources in the Upper Yangtze Basin.](ao9b03000_0004){#fig12}

5. Conclusions {#sec5}
==============

Our study shows that both the organic matter content and thermal maturity of black mudstones/shales are high in the target formations. TOC values range from 1.20 to 5.12%, and *R*~o~ values range from 1.92 to 2.86%. Porosity varies from 0.77 to 9.2%, and permeability varies from 0.015 to 1.99 md. The composition of quartz group of the mineral component ranges from 18 to 85%, 59% in average, and clay mineral component ranges from 7 to 56%, 31% in average. Through comprehensive analysis on distributional patterns of TOC values, organic-rich shale thickness, thermal maturity, and burial depth, as well as other shale gas reservoir properties, we selected three favorable zones including Luzhou-Xishui, western Chongqing, and Wulong-Shizhu for further shale gas exploration.

6. Methods {#sec6}
==========

A total of 156 fresh rock samples were collected from outcrops and drilling cores in this study. Fifty thin sections were prepared for petrographic analysis. The methods used in this study include microscopic observation, X-ray diffraction, organic geochemistry, rock-eval pyrolysis, petrophysical test, SEM, reflectance of vitrinite, He-porosity, and permeability test.

Mineralogical composition was measured by X-ray diffraction (X'Pert Powder), according to the National Standard of People's Republic of China SY/T 5163-2018. Samples were cleaned to remove oil if there is any. They were then dried with temperature below 60 °C. All samples were crushed and ground into powder with grain size less than 40 μm. The sample powder was placed in the groove of the sample slide, so that the measured surface of the sample remains rough, and the surface of the sample slide is flat and uniform. Thus, the preferred orientation of the crystal powder is avoided. The measurement conditions include: (a) Cu Kα radiation; (b) the emission slit and the scattering slit should be 1°; (c) scan speed is 2°/min (2θ); (d) sampling step width is 0.02° (2θ); and (e) 2θ scan range is 5--45°. After the measurement, the X-ray diffraction spectrum was obtained. Then, the intensity of X-ray diffraction peaks was calculated. The intensity of X-ray diffraction peaks is the integrated intensity after subtracting the background and then reading the relevant data, according to the X-ray diffraction pattern of the sample, and comparing with the standard X-ray diffraction data of the mineral to determine the mineral type. The next step is to measure the integrated intensity of selected diffraction peaks of various minerals on the diffraction pattern and calculate the content of various minerals according to the following equation*X*~*i*~, percent of mineral *i*; *I*~*i*~, the integrated intensity of selected diffraction peaks of mineral *i*; *K*~*i*~, reference strength of mineral *i*.

An ethylene glycol (EG) slide was used for illite crystallinity analysis. The natural orientation slide was placed in EG steam for fumigation and saturation treatment, and the constant temperature is 50--60° (\>8 h). The half-width of the illite diffraction peak (*d* = 1.0 nm) was used as the illite crystallinity KI.

TOC was measured using a Leco carbon/sulfur determinator (CS230), according to the National Standard of People's Republic of China GB/T 19145-2003. Samples were ground to a particle size of less than 0.2 mm. The weight of the ground sample should not be less than 10 g. Weighted samples (0.01--1.00 g according to sample type, accurate to 0.001 g) were slowly added to excess hydrochloric acid solution and placed in a water bath or a hot plate with 60--80 °C. Samples were dissolved for more than 2 h until the reaction was complete. Samples must not be spilled. They were washed with distilled water until they turned to neutral and dried in an oven at 60--80 °C. About 1 g of iron filing flux and 1 g of tungsten particle flux were added to the sample. The combustion tube was cleaned once every 20 samples, and a standard sample was inserted.

Rock-eval pyrolysis was performed using an oil and gas display evaluation instrument (YQ-VII), according to the National Standard of People's Republic of China GB/T 18606-2012. Samples were cleaned to avoid contamination and then dried and crushed. Grain size of the crushed samples ranges 0.07--0.15 mm. Pressures of supplied gases for the oil and gas display evaluation instrument are: N~2~, 0.20--0.40 MPa; H~2~, 0.20--0.30 MPa; air, and 0.30--0.40 MPa. Each sample was weighted before the rock pyrolysis analysis. The measuring condition for each parameter is shown in [Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"}.

###### Rock Pyrolysis Analysis Condition for Each Parameter

             temperature (°C)                      
  ---------- ------------------ ----- ------------ ----
  *S*~0~     90                 90    2             
  *S*~1~     300                300   3             
  *S*~2~     300                600   1 (600 °C)   50
  *T*~max~   300                600                50

*R*~o~ was measured on the MPM80 microphotometer and calculated from *R*~b~, which was the reflectance of bitumen, according to the National Standard of People's Republic of China SY/T 5124-2012. Sample light sheets were polished and dripped with oil. The measurement area does not contain cracks, polishing defects, mineral inclusions, and other microcomponent debris, and there is no interference from high reflectivity materials such as pyrite and inert components outside the measurement area. All measurement points were evenly distributed on the light sheet as far as possible. The random and maximum reflectance (*R*~ran~ and *R*~max~) were taken. If the vitrinite-like particles are very small and cannot be rotated to measure their *R*~max~, the *R*~ran~ value was measured first and then calculated to *R*~max~

When the average reflectance *R̅* \< 0.5% or *R̅* \> 2.0%, the number of measurement points should not be less than 30; when 0.5% ≤ *R̅* ≤ 2.0%, the number of measurement points should not be less than 20.*R̅*, average reflectance value; *R*~*i*~, reflectance at the *i*-th point; *n*, measurement number; *s*, standard deviation.

Kerogen microscopic component identification was performed according to the National Standard of People's Republic of China SY/T 5125-1996, using the Axioskop 2 plus biological microscope. Kerogen samples on the glass slide were magnified by 400--600 times under the biological microscope. Under transmit white light and epi-fluorescence, kerogen components were identified according to the National Standard of People's Republic of China SY/T 5125-1996. When the type index is \>80, kerogen is classified as type I. The formula is

Porosity and permeability were measured using Ultrapore-200A and ULTRA-PERMTM200, respectively, according to the National Standard of People's Republic of China SY/T5336-2006. A pore morphology was measured by SEM and BSE using FEI Quanta250FEG and argon ion polishing machine GATAN-685.

Reservoir characteristics including mineralogical composition, TOC content, thermal maturity, and porosity and permeability can be inferred from these data. Most samples were measured at the Sichuan Institute of Coal Geological Engineering Design and Research and the Key Laboratory of Sedimentary Basin and Oil and Gas Resources, Ministry of Natural Resources. Some samples were measured at the Exploitation Laboratory Research Institute of Petroleum Exploration & Development Huabei Oilfield Corporation, Petrochina. Two controlling samples were measured in Weatherford Laboratories in USA for comparison.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.9b03000](https://pubs.acs.org/doi/10.1021/acsomega.9b03000?goto=supporting-info).Mineral composition, identification, and classification of kerogen macerals and rock pyrolysis analysis of mudstones/shales of Wufeng--Longmaxi formations in the Upper Yangtze Basin ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03000/suppl_file/ao9b03000_si_001.pdf))
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